In this investigation, magnetite nanoparticles (Fe 3 O 4 NPs) with a diameter of 5-10 nm were synthesized by coprecipitation from an alkaline solution of ferrous/ferric mixed salt-solution in the presence of copolymers. In this process, linear-dendritic copolymers containing a linear poly (ethylene glycol) core and dendritic poly (citric acid) arms were used as the stabilizer. The Fe 3 O 4 NPs were characterized by transmission electron microscopy, energy-dispersive spectra, X-ray powder diffraction, field emission scanning electron microscopy, Fourier transform infrared spectrometer, and vibrating sample magnetometer. Compared to classical coprecipitation, the results showed that uniform, ultrafine, nearly spherical, and high purity nano-magnetite particles with better magnetic properties could be prepared by this method.
Introduction
Magnetic nanoparticles (NPs), especially magnetite (Fe 3 O 4 ), can be widely used in science, technology, and healthcare in applications such as cell separation (1), microwave absorption (2), magnetic resonance imaging (MRI) techniques (3), recording materials (3), ferrofluids (4), biological sensing (5), bioactive molecule separation (3), catalysis (6) (7) (8) , and magnetic targeted therapy (9) . For future highly sensitive magnetic nanostructures and biological and pharmacological applications, Fe 3 O 4 NPs with controlled size, shape, and a narrow size distribution are needed. Recently, research on the synthesis and application of Fe 3 O 4 NPs in chemistry and pharmaceuticals has received particular attention (10) . Several methods have been developed for the synthesis of magnetic Fe 3 O 4 NPs, including chemical coprecipitation (10) (11) (12) (13) (14) , the hydrothermal process (15), the solvothermal method (16) , the sol-gel technique (17, 18) , microemulsion (19, 20) , etc. Among these, the chemical coprecipitation is considered as the simplest, most economical, and most efficient method (21) .
However, the classical coprecipitation method has certain limitations, including insufficient dispersion, broad and uncontrollable particle size distribution, difficulty of mass production, and phase control of NPs. Therefore, achieving uniform-sized Fe 3 O 4 particles and high magnetic response is hard; especially when the Fe 3 O 4 particle size should be in the nanoscale (12) . To overcome these limitations, several coprecipitation techniques were used such as interfacial coprecipitation (12) , ultrasonic coprecipitation (11), microwave coprecipitation (22) , mechanochemical coprecipitation (13) , and coprecipitation with fast stirring (14) . Furthermore, other research has utilized surfactants (23), macromolecules (24) , or dilute acids (25) Linear-dendritic copolymers are hybrid macromolecules containing linear polymers and dendrimers (26, 27) . Poly (citric acid) (PCA)-poly (ethylene glycol) (PEG)-PCA copolymers containing hyperbranched dendritic citric acid parts (with a large number of OH functional groups in their structures) and linear PEG as flexible part (which enhances the solubility) could be effective as a template and stabilizer in water for the synthesis of NPs (28, 29) . In this study, PCA-PEG-PCA dendritic macromolecules have been used to synthesize magnetic NPs. Therefore, this work elucidates the decreased particle size and increased saturation magnetization of Fe 3 O 4 NPs prepared via a modified coprecipitation reaction by PCA-PEG-PCA copolymers.
Experimental

Chemical and apparatus
Chemical reagents were purchased from the Merck, Aldrich, and Sigma Chemical Companies. Fourier transform infrared spectrometer (FT-IR) spectra were recorded with KBr pellets on a Shimadzu Perkin-Elmer 550 spectrometer. The magnetic measurements of samples were obtained using a vibrating sample magnetometer (VSM) (4 inch, NDKF, Kashan, Iran) at room temperature. Morphological characteristics of the nanostructures were analyzed using field emission scanning electron microscopy (FE-SEM) (MAIA) and transmission electron microscopy (TEM) (Ziess EM10C). Nanostructures were characterized using a Holland Philips Xpert X-ray diffraction (XRD) diffractometer (CuK, radiation, λ = 0.154056 nm), at a scanning speed of 2°/min from 10°to 100°(2θ). 
Results and discussion
The chemical coprecipitation of Fe (III) and Fe (II) salts in alkaline solutions was used as a traditional method of preparing Fe 3 NPs was about 5-10 nm, which was smaller than the traditional method. The addition of the PCA-PEG-PCA with a hyperbranch structure during the reaction process provided steric repulsion to improve the quality of the dispersion of particles (4). These effects of polymeric stabilizers in the synthesis of metallic nanoparticle were also discussed in previous research (30) (31) (32) (33) . Thus, the PCA-PEG-PCA copolymers acted as templates and steric stabilizers that reduced the intrinsic particle size of Fe 3 O 4 NPs and aggregation of particles. The properties of Fe 3 O 4 NPs with an average size of 5-10 nm were investigated. Figure 1(a) shows the FE-SEM image of Fe 3 O 4 NPs prepared by modified coprecipitation. The average size of Fe 3 O 4 NPs was approximately 10 nm, and the particles are spherical shaped, uniform, and monodispersed. Figure 1(b) shows a SEM image of magnetic NPs under classical conditions. It is worthwhile to note that the size distribution is 15-30 nm.
The magnetization curves of Fe 3 O 4 NPs are shown in Figure 2 . As demonstrated in Figure 2 , magnetic performance of the modified NPs is better than NPs without modification. Because the remanence (Mr) value of unmodified Fe 3 O 4 is about 1.25 emu/g; while, that of the modified Fe 3 O 4 NPs is less than 0.65 emu/g that this could be attributed to the fact that, the NPs with modification were so small that they might be considered to have a single magnetic domain (10) . From the magnetization curve, we can also see that the saturation magnetization (Ms) of the NPs increase from 62.76 to 66.54 emu/g when the sizes of Fe 3 O 4 increase from 15-30 to 5-10 nm, which can be attributed to the increase of crystallinity of the modified NPs. to the stretching mode of OH group adsorbed on the surface of the Fe 3 O 4 NP while the peak appearing at approximately 1630 cm −1 was associated with the bending vibration of the O-H group. These peaks were owing to the adsorbed water on the surface of Fe 3 O 4 . The peak at 574 cm −1 corresponds to the Fe-O bond NPs (7, 8) .
Conclusion
We have reported an efficient coprecipitation for the synthesis of Fe 3 O 4 NPs in the presence of dendritic macromolecules as the stabilizer. The obtained iron oxide NPs can be promising as a potentially suitable magnetic support to be employed in different branches of magnetic technology with good biocompatibility, good economic aspects, and good magnetic quality.
